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Objective: To noninvasively assay the mechanical and structural characteristics of articular cartilage from
patients with osteoarthritis (OA) by magnetic resonance imaging (MRI), and to further relate spatial
patterns of MRI-based mechanical strain to joint (depth-wise, regional) locations and disease severity.
Methods: Cylindrical osteochondral explants harvested from human tissue obtained during total knee
replacement surgery were loaded in unconﬁned compression and 2D deformation data was acquired at
14.1 T using a displacements under applied loading by MRI (dualMRI) approach. After imaging, samples
were histologically assessed for OA severity. Strains were determined by depth, and statistically analyzed
for dependence on region in the joint and OA severity.
Results: Von Mises, axial, and transverse strains were highly depth-dependent. After accounting for other
factors, Von Mises, axial, and shear strains varied signiﬁcantly by region, with largest strain magnitudes
observed in explants harvested from the tibial plateau and anterior condyle near exposed bone. Addi-
tionally, in all cases, strains in late-stage OAwere signiﬁcantly greater than either early- or mid-stage OA.
Transverse strain in mid-stage OA explants, measured near the articular surface, was signiﬁcantly higher
than early-stage OA explants.
Conclusion: dualMRI was demonstrated in human OA tissue to quantify the effects of depth, joint region,
and OA severity, on strains resulting from mechanical compression. These data suggest dualMRI may
possess a wide range of utility, such as validating computational models of soft tissue deformation,
assaying changes in cartilage function over time, and perhaps, once implemented for cartilage imaging
in vivo, as a new paradigm for diagnosis of early- to mid-stage OA.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a debilitating and degenerative disease of
articular cartilage in synovial joints that afﬂicts an estimated 27
million adults in the United States alone1 at an annual cost of $80
billion2. Articular cartilage, when healthy, has excellent load-
bearing and friction-reducing properties3. However, the mechan-
ical function of cartilage declines as OA advances, manifesting as
tissue softening4 coupled with increased surface friction and wear5.
Cartilage wear is regionally non-uniform over the articular surface;
load-bearing regions exhibit more OA severity than non-load-
bearing regions in the same joint5.
Structurally, cartilage contains a sparse distribution of chon-
drocytes in an extracellular matrix composed primarily of collagenC. P. Neu, Weldon School of
Martin Jischke Drive, West
-765-494-0902.
s Research Society International. Pﬁbrils, proteoglycans, and water. The extracellular matrix is orga-
nized into zones, deﬁned in part by collagen ﬁbril orientation. The
superﬁcial zone is composed of ﬁbrils arranged parallel to the
articulating surface. Below the superﬁcial zone, the middle zone is
marked by randomly oriented collagen ﬁbrils, transitioning to the
deep zone, in which the collagen is oriented perpendicularly to the
surface, and ultimately to calciﬁed cartilage and bone6. As OA
progresses, the components of this extracellular matrix degrade,
leading to ﬁbrillation and delamination of the superﬁcial zone
followed by erosion and complete denudation in the deeper layers7.
It has been well established that the zonal structure of articular
cartilage contributes to a depth-dependent mechanical response to
load8. Additionally, cartilage in lowweight-bearing areas of joints has
been found to be stiffer than inhighweight-bearing areas in the same
joint9. These data indicate that there is regional variability in
mechanical properties within a joint. These factors, combined with
OA-inducedmechanical changes, contribute to a complexmechanical
function of articular cartilage. Knowledge of this depth-dependency
of cartilage in healthy and diseased states would improve ourublished by Elsevier Ltd. All rights reserved.
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functionally evaluate tissue healing and repair with emerging tissue
engineering methods. Also, previous attempts to characterize carti-
lagemechanicshave included themeasurementofbulkproperties8or
development of computational models10,11. Several attempts have
been made to understand cartilage strain (normalized deformation)
during loading, including magnetic resonance imaging (MRI)-based
nominal strainmeasures12,13 anddepth-wisestrainestimationsbased
on cell densities14. However, no previously-demonstrated technique
has been shown to be capable of noninvasively measuring localized
deformation throughout the full thickness of degenerated articular
cartilage. A technique that is capable of measuring internal strains
throughout cartilage would represent an important step forward in
the understanding of cartilage mechanics and disease.
Displacements under applied loading by MRI (dualMRI), which
involves the close synchronization of exogenous mechanical loading
with rapid MR acquisitions, measures deformation (i.e., displace-
ments and strains) in soft tissues including articular cartilage15.
dualMRI has previously been shown to detect deformationwith high
precision (0.1% absolute strain) in bovine cartilage explants15, intact
tibiofemoral joints16, andan intervertebraldiscdegenerationmodel17.
In this study, we test, for the ﬁrst time, the ability of dualMRI to
characterize depth-dependent and regional variations of internal
strain patterns in human articular cartilage explants with various
degrees of OA severity. The speciﬁc objectives of this studywere to (1)
quantify the distribution of strains through the depth of the cartilage,
(2) characterize strains by region in the joint, and (3) determine the
effect of OA severityon themeasured strains. The long-termobjective
of this work is to assess the potential for dualMRI as a clinical diag-
nostic and predictive tool in patients with early- to mid-stage OA.
Materials and methods
Specimen acquisition
Following institutional approval, human osteochondral explants
were acquired from 14 subjects (eight males, two females, fourFig. 1. Osteochondral plugs were harvested from human tissue obtained during total
ranging from healthy, structurally intact cartilage to complete tissue wear and exposed sub
condyles, the posterior femoral condyles, and the tibial plateau.unknown; aged 68.1  9.6 years) who underwent elective total
knee replacement surgery. Cylindrical osteochondral explants
(61 total; diameter ¼ 6.0 mm, height ¼ 3.5 mm) were harvested
from standardized locations (Fig. 1) using a coring reamer (Arthrex,
Inc., Naples FL) and custom cutting jig. Care was taken to harvest
explants normal to the cartilage surface, though some variability
occurred. Samples were immediately frozen at 80C after harvest.
Samples were brought to room temperature prior to imaging.
Because the mediolateral orientation of the two distal femoral
condylar specimens was not marked during surgery and hence
unknown, they were designated high wear condyle and low wear
condyle, with the condyle displaying a ‘wear track’ with exposed
bone being the high wear condyle. Both lateral and medial posterior
femoral condyles were referred to as the posterior condyle. Tibial
explants were harvested from low wear and non-load-bearing
regions for comparison.
Standard MRI
A true fast imaging with steady-state precession (TrueFISP,
noted here simply as FISP) imaging sequence was used to capture
tissue morphology in an imaging plane through the center of the
explant (Fig. 2). FISP parameters were: repetition time/echo time
(TR/TE) ¼ 3.7/1.85 ms; pixel size ¼ 100  100 mm2; image matrix
size ¼ 256  256 pixels2; number of averages ¼ 4; slice
thickness ¼ 1.0 mm; ﬂip angle ¼ 25. Morphologic features,
including cartilage thickness, surface angle (SA), and bone angle
(BA), were measured from FISP images using ImageJ (National
Institutes of Health). Cartilage thickness affects the aspect
ratio (height/diameter) of the explants, and was recorded as
the distance between the cartilage surface and the cartilageebone
interface through the depth at the center of the sample. The small
diameter of the explants relative to the natural curvature
of the cartilage negated curvature affects on the thickness
measurements. The SA and BA, measured as angular deviations
from the horizontal direction, varied due to the harvest
procedure and natural anatomical differences among samples.knee replacement surgery. Within a patient, there was a wide range of OA severity,
chondral bone. Regions of harvest included high wear and low wear anterior femoral
Fig. 2. Osteochondral plugs were imaged by dualMRI during applied mechanical loading using a custom-built apparatus. dualMRI data was acquired while a custom
pneumatic loading device cyclically loaded the tissue in unconﬁned compression inside the 14.1 T vertical-bore scanner. The cartilage-bone explants were bathed in PBS and
displacement data was collected during the loaded phase of the 3-s loading cycle.
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Osteochondral explants bathed in phosphate buffered saline
(PBS) were cyclically and intermittently loaded in unconﬁned
compression with a ﬂat platen and custom-made pneumatic
loading device (Fig. 2) at 235 kPa (with a constant load rise of
1195 kPa/s) and 0.33 Hz for 50 cycles, at which point they had
reached a quasi-steady state load-deformation behavior15. A 14.1 T
MRI system (Bruker Medical GMBH) with a 30 mm radiofrequency
(RF) coil acquired dualMRI data through the center of the sample. A
DENSE-FISP imaging sequence was used with a displacement
encoding gradient area moment of 2.13 p/mm18. FISP parameters
were identical to those described previously.
Histological assessment
Following dualMRI, the osteochondral explants were ﬁxed with
Bouin’s solution (SigmaeAldrich, St. Louis, MO), defatted using
a 70% ethanol solution, decalciﬁed using 10% formic acid in citrate,
and embedded in parafﬁn5. Two full-thickness sections were
stained with hematoxylin and eosin for each explant, and OA
severity was determined by a standard scoring system7 by aver-
aging the scores of two independent observers (AJG & CPN).
Strain calculations
Finite strains [transverse (Exx), axial (Eyy), and shear (Exy)] were
computed from dualMRI-based displacement ﬁelds as described
previously15 to a precision of 0.1% strain18 (Fig. 3). Additionally, Von
Mises strains (VMSs) were calculated from principal strains (E1, E2) to
provide a single measure that incorporated all three ﬁnite strains. To
quantify the distribution of strains through the thickness of the
cartilage, strainswereaveragedacrosseachhorizontal rowofpixels in
the depth direction and throughout the region of interest, and a cubic
spline ﬁt was used to interpolate values in 10% thickness intervals.
To understand the effects of OA severity and other parameters
without the inﬂuence of depth, strains were determined in the
superﬁcial zone [i.e., averaged over a 20% thickness at the surface
(20Sur)] of the explants. This measure was selected to, in particular,
capture altered strain patterns due to expected disease-related
damage and eroding of the superﬁcial zone. Interestingly, other
depth-dependent measures, e.g., strains computed in the middle
zone, provided similar results overall (data not shown).
Statistical analysis
To determine depth-dependence, mixed-effects analyses of
covariance (ANCOVAs) were employed to determine relationshipsbetween parameters. Patient was treated as a random variable,
with depth, joint region, OA severity, thickness, SA, and BA classi-
ﬁed as ﬁxed effects. Additionally, interaction terms of interest
(Depth  Region, Depth  OA Severity, OA Severity  Region) were
included. All four (ﬁnite and VMS) strain measures were tested as
the response variable. Least-squares mean estimates for strains
were calculated for varying depth and region.
Because OA score is a continuous variable, it was not possible to
generate least-squares means. To accommodate this limitation, and
to aid in the visualization of the effects of OA on strain, data was
binned into Early (0  OA  5), Mid (5 < OA  10), and Late
(10 < OA) stages. A similar grouping was used previously19,
although a different scoring system was employed. The ANCOVAs
were repeated using the binned OA score in place of the OARSI
score. Tukey’s test was used to isolate differences between groups.
To determine relationships absent the effects of depth, separate
ANCOVAs were also conducted using strains for 20Sur as response
variables. Again, patient was held as a random variable, and region,
OA score, thickness, SA, and BA were treated as ﬁxed effects.
Results
Strains in explanted human cartilage varied by depth (Fig. 4).
VMS, Exx, and Eyy were highly depth-dependent (P < 0.0001), while
Exy did not signiﬁcantly vary by depth (P ¼ 0.2074). VMS (95% CI:
0.1012, 0.1184), Eyy (0.0603, 0.0517), and Exy (0.0180, 0.0208)
magnitudes were all greatest at 50% depth from the articular
surface, while Exx (0.0383, 0.0475) peaked at the surface. There was
no signiﬁcant difference in depth-dependent strains among regions
within the joint (P  0.865). The Depth  OA Severity interaction
was highly signiﬁcant for Exy (P < 0.0001), with increasing OA
severity contributing to a concentration of shear strain in the
middle zone.
Depth-wise strains differed by joint region and OA bins (Fig. 5,
Table I). After accounting for other factors, VMS, Eyy, and Exy varied
signiﬁcantly by region (P < 0.0001), with largest strain magnitudes
observed in explants harvested from the tibial plateau and high
wear condyle. The low wear condyle displayed signiﬁcantly higher
Exx strains than the other regions (P  0.0001). Additionally, in all
cases, strains in Late OAwere signiﬁcantly greater than either Early
or Mid OA (P  0.0006). Exx in Mid OA explants was signiﬁcantly
higher than Early (P< 0.0001), but not for the other strains. In total,
11 explants were harvested from the tibial plateau, 25 from the
posterior condyle, 19 from the low wear condyle, and six from the
high wear condyle.
Strains were also related to OA severity and explant geometry.
20Sur VMS, Exx, Eyy, and Exy signiﬁcantly increased with OA score
(P < 0.0001, P < 0.0001, P ¼ 0.0081, P ¼ 0.0013, respectively) for all
Fig. 3. Displacement and strain ﬁelds were measured in osteoarthritic human cartilage. Deformation (displacements and strains) in osteochondral explants was measured
using DENSE-FISP, and the explants were histologically assessed to determine the corresponding OA severity. Strain ﬁelds were overlaid on images taken during the loading plateau
of cyclic compression. Arrows indicate the coordinate system in the loading (Y) and transverse (þX) directions.
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the thickness of the cartilage (P ¼ 0.0009, P ¼ 0.0477, P < 0.0001,
P ¼ 0.0035), with strains being greater in thicker cartilage. The SA
did not signiﬁcantly inﬂuence the results (P  0.1510), but strains
were signiﬁcantly altered by the angle of the boneecartilage
interface (P ¼ 0.0068, P ¼ 0.0035, P ¼ 0.0447, P ¼ 0.0508).
Discussion
In this study, we documented dualMRI-based strain patterns in
human articular cartilage explants with variable OA severity for the
ﬁrst time. We found that: (1) strains in human articular cartilage
were highly depth-dependent, (2) strains varied by region in the
joint, and (3) depth-dependent strains reﬂected OA severity. Wealso demonstrated that morphologic features, including cartilage
thickness and BA, signiﬁcantly affect measured strains, andmust be
accounted for when interpreting results.
The depth-dependence of OA articular cartilage strains is
consistent with results from prior work by our group in healthy
bovine cartilage15,20,21 but conﬂicts somewhat with previous
studies22,23, which showed maximum axial strains at the articular
surface. Disparities in results could be attributed to different
experimental conditions of imaging modalities used. Regardless,
we found peak Exxmagnitudes near the cartilage surface, attributed
to the zero-displacement boundary condition at the boneecartilage
interface and the near-frictionless interface between the Delrin
platen and cartilage. Exxwas increased by disease progression in the
superﬁcial zone, likely due to the breakdown/absence of oriented
Fig. 4. dualMRI-based strains were highly depth-dependent. Transverse strain magnitudes (Exx) were greatest at the articular surface and linearly decreased deeper in the tissue.
Axial strain and shear magnitudes (Eyy and Exy, respectively) were concentrated in the middle of the explant. VMS magnitudes were largest at 50% depth, and were higher at 0%
(surface) than 100% depth. Data presented are least-squares means and standard error after accounting for aforementioned covariates.
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reduced transverse strength. Eyy and Exy were largest in the middle
zone, and their magnitudes increased with increasing OA severity.
Taken together, these results provide baseline data from which
strain patterns from tissue engineered constructs or repaired tissue
can be compared.
Strain magnitudes varied by region. In general, it was found that
strain magnitudes were largest, after controlling for OA severity, in
explants from tibial and high wear femoral condyle regions, sug-
gesting that cartilage in these regions is inherently less stiff than
the posterior or low wear condyle, which are regions that typically
bear less load during normal physiological activities9. We previ-
ously documented regionally non-uniform cartilage wear over the
articular surface, with load-bearing regions exhibiting more OA
severity than non-load-bearing regions in the same joint5. The
present results indicate that increased strain magnitudes also
correspond to typical load-bearing patterns, and that tissue defor-
mation may mechanistically contribute to the observed wear
process.Fig. 5. Strain signiﬁcantly varies by region and OA bin. After statistically correcting for pote
(C, D). For VMSs (A), tibial and high wear condyle explants (a) had larger values than posterio
though Exx was elevated in the low wear condyle. For VMSs, highly signiﬁcant difference
(P  0.0006). Late OA was signiﬁcantly larger than Early OA for all strains, and transverse str
strain became signiﬁcantly more concentrated in the middle zone as OA advances.The increase in depth-dependent strain magnitudes with
increased OA severity is, to our knowledge, previously undocu-
mented. Interestingly, OA severity was related to increased shear
strain magnitudes toward the center of the cartilage explant.
Relationships between OA severity and dualMRI-detected internal
strain patterns provide encouraging evidence that dualMRI may
serve as a noninvasive diagnostic tool for early OA, though chal-
lenges remain in applying the technique in vivo at clinical ﬁeld
strengths. We noted during histologic scoring that explants with
differentmorphological features would frequently receive the same
score. For example, an explant with severe localized damage can
receive the same score as one with more moderate, widespread
damage. Differences in structural properties may not be captured
by these semi-quantitative histological scoring methods. It is
possible that some of the variability in strain correlations with OA
severity may be due to such differences.
dualMRI-based strain measures were highly sensitive to subtle
variations in geometry and irregularities in osteochondral plug
shape (e.g., thickness, SA, BA), which altered strain patternsntially confounding factors, strains were analyzed by joint region (A, B) and OA severity
r and low wear explants (b). Similar trends were observed for the individual strains (B),
s were found between Early and Late OA explants as well as Mid and Late explants
ains showed a signiﬁcant difference between Early and Mid OA (P < 0.0001). (E) Shear
Table I
Group means and 95% conﬁdence intervals are shown for the four strains by OA bin and harvest region. This data is presented in graphical format in Fig. 5
VMS Transverse Axial Shear
OA bin (n)
Early (24) 0.0745 (0.0542, 0.0949) 0.0236 (0.0154, 0.0317) 0.0315 (0.0219, 0.0411) 0.0132 (0.0104, 0.0160)
Mid (18) 0.0789 (0.0588, 0.0989) 0.0358 (0.0279, 0.0437) 0.0312 (0.0218, 0.0406) 0.0137 (0.0111, 0.0164)
Late (19) 0.1048 (0.845, 0.1251) 0.0433 (0.0352, 0.0514) 0.0417 (0.0321, 0.0512) 0.0200 (0.0173, 0.0228)
Region (n)
Tibial (11) 0.0893 (0.0667, 0.1119) 0.0503 (0.0347, 0.0659) 0.0208 (0.0143, 0.0273) 0.0143 (0.0107, 0.0179)
Posterior (25) 0.0674 (0.0499, 0.0849) 0.0362 (0.0244, 0.0480) 0.0155 (0.0105, 0.0204) 0.0117 (0.0092, 0.0142)
Low Wear (19) 0.0768 (0.0584, 0.0953) 0.0451 (0.0325, 0.0577) 0.0178 (0.0126, 0.0231) 0.0125 (0.0097, 0.0152)
High Wear (6) 0.0825 (0.0552, 0.1098) 0.0404 (0.0214, 0.0594) 0.0243 (0.0164, 0.0322) 0.0133 (0.0089, 0.0178)
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sufﬁciently controlled during harvest and that it was not a signiﬁ-
cant factor. However, BA varied as a natural and uncontrolled
morphologic feature in explants, and it was a relevant factor in our
analysis. Importantly, the primary morphologic feature that inﬂu-
enced the resultant strains was the thickness of cartilage. Thicker
cartilage provides for an increased aspect ratio (thickness/radius),
known to decrease overall stiffness in cartilage discs24. Our results
conﬁrmed this, as thicker plugs generally displayed greater strains.
This suggests that when applying dualMRI clinically, it will be
important to take into account cartilage thickness when inter-
preting strain results, though altered loading patterns and conﬁned
tissue may reduce this effect.
There are several limitations in this study that should be
considered when interpreting our results. The applied stress
magnitude used was an order of magnitude lower than common
physiologic levels25. It is not known whether similar results would
have been obtained with higher loads. However, our results
demonstrate that dualMRI is sufﬁciently sensitive that articular
cartilage properties can be measured without having to apply
physiologic loads. Further, in these experiments, the low applied
stress is unlikely to damage explants and thereby alter the
histology-based OA severity measures. In this regard, FISP images
taken before and after loading show that no macroscopic changes
occurred. We were not able to study the most advanced stages of
OA severity because the cartilage measured by dualMRI was largely
absent at sites of high wear. However, novel imaging methods such
as dualMRI are not required to diagnose advanced OA.
In summary, we have demonstrated the use of dualMRI in
human OA tissue to quantify the effects of depth, joint region, and
OA severity, on strains resulting from cyclic unconﬁned compres-
sion. These data suggest dualMRI may possess a wide range of
utility, such as validating computational models of soft tissue
deformation, assaying changes in cartilage function over time, and
perhaps, once implemented for cartilage imaging in vivo, as a new
paradigm for diagnosis of early- to mid-stage OA.Author contributions
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